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The biochemical mechanisms through which eosinophils contribute to asthma pathogenesis are unclear. Here we show eosinophil peroxidase (EPO), an abundant granule protein released by activated eosinophils, contributes to characteristic asthma-related phenotypes through oxidative posttranslational modification (PTM) of proteins in asthmatic airways through a process called carbamylation. Using a combination of studies we now show EPO uses plasma levels of the pseudohalide thiocyanate (SCN ؊ ) as substrate to catalyze protein carbamylation, as monitored by PTM of protein lysine residues into N ⑀ -carbamyllysine (homocitrulline), and contributes to the pathophysiological sequelae of eosinophil activation. Studies using EPO-deficient mice confirm EPO serves as a major enzymatic source for protein carbamylation during eosinophilic inflammatory models, including aeroallergen challenge. Clinical studies similarly revealed significant enrichment in carbamylation of airway proteins recovered from atopic asthmatics versus healthy controls in response to segmental allergen challenge. Protein-bound homocitrulline is shown to be co-localized with EPO within human asthmatic airways. Moreover, pathophysiologically relevant levels of carbamylated protein either incubated with cultured human airway epithelial cells in vitro, or provided as an aerosolized exposure in non-sensitized mice, induced multiple asthma-associated phenotypes including induction of mucin, Th2 cytokines, IFN␥, TGF␤, and epithelial cell apoptosis. Studies with scavenger receptor-A1 null mice reveal reduced IL-13 generation following exposure to aerosolized carbamylated protein, but no changes in other asthma-related phenotypes. In summary, EPO-mediated protein carbamylation is promoted during allergen-induced asthma exacerbation, and can both modulate immune responses and trigger a cascade of many of the inflammatory signals present in asthma.
Asthma is a complex inflammatory disorder of the airways, typically characterized by eosinophilia, mucus hypersecretion, epithelial apoptosis, and airway reactivity. Inflammatory cells such as eosinophils and neutrophils participate in tissue injury through the release of cytotoxic products and formation of reactive oxidant species (1) (2) (3) (4) (5) (6) . Some of the most abundant proteins in them are their respective heme-dependent peroxidases, eosinophil peroxidase (EPO), 3 and myeloperoxidase (MPO). The normal function of these enzymes is to produce reactive oxidants and free radical species that inflict oxidative damage upon invading parasites and pathogens as part of the innate host defense system. However, the reactive species EPO and MPO form can also oxidatively modify host tissues. Under physiological conditions, both EPO and MPO use hydrogen peroxide (H 2 O 2 ) as one substrate and an assortment of co-substrates to generate an array of reactive oxidant species that can damage both proteins and lipids at sites of inflammation (7) (8) (9) (10) (11) (12) 13) . For example, we have shown that eosinophils use EPOgenerated oxidants to promote modification of lung and airway proteins during allergen challenge in mild asthma, and in severe asthma (9, 14 -16) . We have identified and structurally characterized specific posttranslational modifications (PTMs) formed on proteins, and used detection of specific brominated and chlorinated residues as tools for monitoring molecular signa-* This work was supported, in whole or in part, by National Institutes of Health Grants P01 HL103453 (to S. L. H.), P01 HL081064 (to S. E.), P01 HL076491 (to S. L. H.), HL058723 (to N. A. L.), HL124165 (to J. J. L.), and 1R01HL130819 (to Z. W.) and National Center for Advancing Translational Sciences Grant UL1 TR000439. Dr. Wang and Dr. Hazen are named as co-inventors on patents held by the Cleveland Clinic relating to cardiovascular and inflammation diagnostics. Dr. Hazen reports having been paid as a consultant for the following companies: Esperion and P&G. Dr. Hazen reports receiving research funds from Astra Zeneca, P&G, Pfizer Inc., and Takeda. Dr. Wang reports having the right to receive royalty payments for inventions or discoveries related to cardiovascular diagnostics from Cleveland Heart Lab. Dr. Hazen reports having the right to receive royalty payments for inventions or discoveries related to cardiovascular diagnostics or therapeutics from the companies shown below: Cleveland Heart Lab., Siemens, Esperion, and Frantz Biomarkers, LLC. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 tures for reactive halogenating species formed by EPO-and MPO-dependent oxidative injury in asthma and other inflammatory disorders (14, (17) (18) (19) (20) (21) (22) (23) (24) . Specifically, eosinophil activation results in EPO release and catalytic generation of a unique oxidant species, hypobromous acid (HOBr), a reactive brominating oxidant that can form the molecular footprints, 3-bromotyrosine and 3,5-dibromotyrosine (9, 14, 17) . We have shown that increased levels of 3-bromotyrosine are observed in the airways of subjects with atopic asthma, and can be monitored as a non-invasive marker in the urine of asthmatic adults and children alike, with levels of urinary 3-bromotyrosine being indicative of asthma control and predictive of asthmatic exacerbations (14, 15, 17, 25) . Alternatively, we also first reported that activated eosinophils use EPO as a catalytic sink for consuming nitric oxide (NO), both forming NO-derived oxidants capable of producing the PTM protein bound 3-nitrotyrosine, and inhibiting NO-dependent bronchodilation (9, 19, 20, 26, 27) . Thus, leukocytes in general and activated eosinophils in particular, have the potential for inflicting oxidative modifications on proteins and lipids in asthmatic airways via numerous pathways. Both EPO and MPO use the pseudo-halide thiocyante (SCN Ϫ ) as a preferred co-substrate with H 2 O 2 (28, 29) . SCN Ϫ in vivo originates primarily from diet and environmental exposure. The normal plasma levels of SCN Ϫ typically found in nonsmokers range from 20 to 100 M depending upon dietary intake (30) , whereas levels in smokers can be substantially higher (31) (32) (33) . By comparison, physiological levels of the cosubstrate H 2 O 2 vary widely with levels in extracellular spaces and in the plasma estimated to range between 1 and 18 M under typical conditions (34, 35) , but under conditions of leukocyte degranulation and respiratory burst at sites of inflammation, local concentrations as high as 1000 M H 2 O 2 have been suggested (reviewed in Ref. 36) . Under physiological levels of H 2 O 2 and cosubstrates, EPO and MPO utilize SCN Ϫ as a preferred substrate to primarily form hypothiocyanous acid (HOSCN), a weak oxidant with bacteriostatic activity. Using multinuclear NMR, mass spectrometry, and other analytical approaches, we first reported that in addition to HOSCN, a minor product formed following SCN Ϫ oxidation by both MPO and EPO in vitro is cyanate (OCN Ϫ ), with EPO being more efficient at generating OCN Ϫ at plasma levels of halides (i.e. 100 mM Cl Ϫ , and 100 M Br Ϫ ) and SCN Ϫ (28) . Cyanate is in equilibrium with urea under physiological conditions. In end stage renal disease elevated levels of urea lead to enhanced levels of OCN Ϫ , and consequently, marked increases in protein carbamylation (37) . Nucleophilic groups on proteins such as amino, hydroxyl, or thiol groups may become covalently modified with a carbamyl (NH 2 CO) group upon exposure to the electrophile OCN Ϫ , altering protein primary structure, charge and function, often leading to enzymatic loss of function (38 -41) . These alterations in structure and charge were first investigated by biochemists studying the reversible denaturationrenaturation of proteins with urea (38 -41) . The reaction with nucleophilic ⑀-amino groups of lysine residues produces N ⑀ -carbamyl-lysine, also known as homocitrulline (HCit) (40, 42) . The abundance of lysine compared with alternative susceptible amino acids, and the enhanced nucleophilicity of the ⑀-a-mino lysine moiety compared with that of alternative targets like arginine or histidine, makes lysine side chains a major target for carbamylation in vivo.
In prior studies (43) we demonstrated MPO-catalyzed oxidation of SCN Ϫ serves as an alternative pathway to uremia for promotion of protein carbamylation in vivo at sites of inflammation and vascular disease. We further showed that carbamylated proteins were themselves pro-inflammatory and triggered T cell activation (44) . Moreover, recent studies by others have shown that either direct OCN Ϫ exposure to endothelial cells in culture, or via infusion in vivo, promotes protein carbamylation, is pro-inflammatory and inhibits NO-dependent functions (45, 46) . Airway lining fluid has high levels (millimolar) of SCN Ϫ , where it exerts bacteriostatic activity (47) . Because our prior in vitro studies revealed EPO preferentially utilizes SCN Ϫ as substrate, and is even more efficient at producing OCN Ϫ than MPO (28), we hypothesized that under eosinophilic inflammatory conditions, such as occurs within asthmatic airways, EPO might promote protein carbamylation and accompanying adverse proinflammatory effects. Herein we demonstrate for the first time that EPO-catalyzed protein carbamylation occurs during allergen-triggered asthma exacerbation and contributes to altered immune responses, triggering a cascade of inflammatory processes present in asthma.
Results
EPO Utilizes SCN Ϫ and H 2 O 2 at Physiological Levels as Substrates to Carbamylate Proteins-Because we previously showed EPO catalyzes production of OCN Ϫ from SCN Ϫ and H 2 O 2 (28), we first tested whether isolated human EPO could catalyze protein carbamylation, as monitored by proteinbound HCit, under physiological conditions of enzyme and reactants. Catalytic levels of EPO (60 nM) were incubated with albumin (1 mg/ml) as protein target, H 2 O 2 (100 M final), and plasma concentrations of Cl Ϫ (100 mM), Br Ϫ (100 M), and SCN Ϫ (100 M). Protein in the reaction mixture was recovered, hydrolyzed to its constituent amino acids, and protein-bound HCit was examined by HPLC with on-line electrospray ionization tandem mass spectrometry (LC/MS/MS) as described (43) . In protein hydrolysates recovered from reaction mixtures of the complete EPO/H 2 O 2 /SCN Ϫ system, a new analyte was readily observed that possessed the same retention time as authentic HCit standard, as monitored using multiple parent to daughter ion transitions (e.g. m/z 190 3 173, 190 3 127, and 190 3 84) characteristic of HCit ( Fig. 1A) . To further confirm HCit was formed by the complete EPO/H 2 O 2 /SCN Ϫ system, the full scan collision-induced dissociation mass spectrum of the new analyte was obtained and found to be identical to authentic HCit (Fig. 1B) .
In additional studies, we used different isotope-labeled SCN Ϫ (i.e. natural abundance versus [ 13 C]SCN Ϫ versus [ 13 C, 15 N]SCN Ϫ ) as co-substrate for EPO to trace at the atomic level the incorporation of atoms from SCN Ϫ substrate into the posttranslational modification of protein lysine residues forming protein-bound HCit. Notably, with incorporation of native and each heavy isotope-labeled SCN Ϫ , we observed generation of the corresponding anticipated HCit isotopologue (i.e. natural abundance HCit versus [ 13 C]HCit and [ 13 C, 15 N]HCit), eluting at the same retention time as HCit. Importantly, high resolution mass spectra of each isotopologue confirmed both parent ions and fragments anticipated for the isotopologues based on predicted elemental composition of the compounds, with assigned daughter ions based upon a neutral loss of NH 3 , formic acid, and isocyanic acid in that order (Fig. 1B) . These studies thus further confirm at the atomic level the source of SCN Ϫ in generation of protein-bound HCit during EPO catalyzed protein carbamylation.
To further explore the mechanism of EPO-catalyzed protein carbamylation, we explored the reaction requirements by quantifying the level of protein-bound HCit formed using stable isotope dilution LC/MS/MS analyses of proteins recovered from reaction mixtures of the complete EPO/H 2 O 2 /SCN Ϫ system, or various controls (Fig. 1C ). Formation of HCit required each component of the complete system, and occurred in the absence or presence of plasma levels of Cl Ϫ and Br Ϫ . The addition of catalase to quench H 2 O 2 blocked the EPO-catalyzed protein carbamylation. On the other hand, addition of halogenating oxidant scavengers like methionine failed to impact EPO-catalyzed protein carbamylation. Quantification of the extent of EPO-catalyzed protein carbamylation showed dosedependent increases in HCit formation across pathophysiologically relevant ranges of both SCN Ϫ and H 2 O 2 (32, 33, 48) (Fig. 1 , D and E). Collectively, these results suggest that EPO-mediated protein carbamylation can occur under physiologically-relevant conditions. EPO Promotes Protein Carbamylation at Sites of Inflammation-To directly test whether EPO can catalyze protein carbamylation in vivo, protein-bound HCit was quantified in tissues recovered from animal models of eosinophilic inflamma- tion using EPO-deficient (EPO-KO) mice. Initially we used a well characterized model where large numbers of eosinophils (Ͼ10 6 , 20 -30%) are induced into the peritoneal cavity of mice via a sensitization/challenge protocol using a whole-protein extract of the helminth Mesocestoides corti. Subsequent intraperitoneal injection of zymosan, a yeast cell wall glucan, triggers activation of the recruited peritoneal eosinophils, resulting in eosinophil degranulation and EPO release, coupled with H 2 O 2 generation from the oxidant burst (20, 49) . As illustrated in Fig.  2A , peritoneal lavage proteins recovered at baseline in the absence of any provocative challenge already contain proteinbound HCit because of the ubiquitous presence of urea in body tissues and fluids. However, in WT mice, but not EPO-KO mice, nearly a 2-fold enhancement in protein carbamylation is observed following both eosinophil recruitment with M. corti antigen injection, and then leukocyte activation at time of peak eosinophil recruitment (72 h post-M. corti) with zymosan treatment. A contribution of HCit production by MPO from activation of alternatively elicited leukocytes was minimal in this model because EPO-KO mice showed no incremental increase in protein-bound HCit following M. corti and zymosan treatment ( Fig. 2A ). To further demonstrate EPO-catalyzed protein oxidation in vivo using this inflammatory model, the content of 3-bromotyrosine was simultaneously determined in recovered peritoneal lavage proteins. Again, a significant increase (p Ͻ 0.001) was only observed in peritoneal proteins recovered from WT but not in EPO-KO mice following M. corti/zymosan challenge ( Fig. 2A ).
We next examined the role of EPO in promoting protein carbamylation in a mouse asthma model, aerosolized ovalbumin (OVA) challenge. WT and EPO-KO mice were initially sensitized to OVA via intraperitoneal injection (i.p.) with the adjuvant alum. Sensitized mice were subsequently challenged with aerosolized OVA or vehicle (normal saline) as control, as described under "Experimental Procedures." Twenty-four hours following aerosolized challenge, a marked ϳ8-fold increase in lung tissue protein-bound HCit content was noted in WT mice relative to normal saline controls. In marked contrast, the EPO-KO group showed no increase in lung proteinbound HCit content following allergen challenge ( Fig. 2B ). Parallel changes in lung tissue levels of the alternative EPO selective oxidation product, 3-bromotyrosine, were also noted.
To initially explore whether EPO might catalyze protein carbamylation in humans, particularly within asthmatic airways, we investigated the localization of EPO and carbamylated protein using immunofluorescence microscopy of biopsies taken from the human asthmatic airway from 5 distinct subjects (2-3 biopsies/subject) with mild asthma. We found all biopsies from each subject to similarly stain positive for EPO and carbamylated protein co-localization. A representative figure is presented ( Fig. 2C) showing EPO immunostaining was co-localized with epitopes recognized by a monoclonal antibody selective for carbamylated proteins. Collectively, these results show that EPO serves as a major pathway for promoting protein carbamylation in vivo where eosinophils are present and activated, including within human asthmatic airways.
Allergen Exposure Triggers Eosinophil Activation and Induction of Protein Carbamylation within Airways of Atopic Asthmatics-Eosinophil recruitment and activation is a cellular hallmark of atopic asthma. We therefore sought to test whether allergen exposure resulted in eosinophil activation and protein carbamylation within airways of subjects with asthma. A segmental bronchoscopic allergen challenge was performed in mild atopic asthmatics to induce a controlled, local acute asthma reaction after which airway fluid proteins were recovered. We have previously used this model to show allergen exposure in atopic asthmatics induces eosinophil activation and EPO-catalyzed oxidative tissue injury through reactive brominating species (14) . In this model, human subjects (healthy controls and non-steroid dependent allergic asthmatics; n ϭ 6 each) underwent fiber optic bronchoscopy in a specific segment of one lung that was challenged with a known allergen at a predefined dose and for a set time period as described under "Experimental Procedures." Comparatively, the corresponding lung segment in the contralateral lung was lavaged with normal saline as a control (t ϭ 0 h). Bronchial airway lavage (BAL) was collected and centrifuged to isolate cells for cell counts and differentials, whereas BAL supernatant was processed to determine levels of protein-bound HCit and 3-bromotyrosine by stable isotope dilution using LC/MS/MS. After 48 h fiber optic bronchoscopy was repeated and the allergen-challenged lung segment was lavaged with normal saline and biopsies taken. Biopsies were fixed in 4% buffered formalin and used for immunofluorescent studies as described under "Experimental Procedures." BAL was processed for cell counts and differentials, and protein-bound HCit and 3-bromotyrosine levels were quantified by LC/MS/MS. Controls (n ϭ 6) and asthmatics (n ϭ 6) were sex-and age-matched non-smokers. At baseline, BAL cell counts and differentials were nearly identical between the two groups, including the percentage of recovered aveolar macrophages, lymphocytes, neutrophils, and eosinophils (e.g. eosinophil % of 0.2 Ϯ 0.2 versus 0.1 Ϯ 0.2 for non-asthmatic controls versus asthmatics; p ϭ NS) as previously reported (14) . However, after allergen challenge, eosinophils were markedly increased among the atopic asthmatics (p ϭ 0.01 for comparison with baseline) but not the non-asthmatic controls (16 Ϯ 6 versus 0.3 Ϯ 0.3%, asthmatics versus non-asthmatic controls; p ϭ 0.03) (14) . Examination of endobronchial biopsies from non-asthmatics by immunohistochemistry in this study demonstrated no eosinophilia (Ͻ1 eosinophil/high power field) and negligible (Ͻ0.5%) eosinophils in BAL irrespective of allergen or normal saline challenge (data not shown). In contrast, after allergen challenge but not normal saline challenge, a robust infiltration of eosinophils in allergic asthmatic subjects was revealed by histological examination of endobronchial biopsy specimens and cytological examination of BAL fluids, as reported in Wu et al. (14) . The level of protein-bound HCit present in BAL supernatant proteins recovered at baseline (t ϭ 0 h) and after segmental allergen challenge (48 h) in both nonasthmatic controls and the atopic asthmatic subjects are shown in Fig. 3 . At baseline, no significant difference was observed between the mild asthmatics versus non-asthmatic controls. In contrast, a dramatic increase in protein-bound HCit was observed in asthmatic subjects, but not non-asthmatic controls, 48 h after allergen exposure (mean Ϯ S.D.; 2.09 Ϯ 0.78 versus 0.29 Ϯ 0.22 mmol of HCit/mol of Lys; asthmatic versus control, respectively; p ϭ 0.002) ( Fig. 3 ). Concomitantly, levels of protein-bound 3-bromotyrosine, the molecular fingerprint of EPO-catalyzed hypobromous acid oxidation, were 10-fold elevated only in the allergen-challenged asthmatic subjects at 48 h, indicative of eosinophil activation.
Carbamylated Proteins Contribute to Asthma Phenotypes-Characteristic features of asthma include increased airway hyperreactivity, increased mucus production, and increased epithelial cell apoptosis leading to denudation of the epithelial cell lining in the asthmatic lung (16) . We hypothesized that production of carbamylated protein may participate in these events. We first investigated the effect of carbamylated albumin (c-albumin) exposure on mucus production within lung epithelial cells. Importantly, a pathophysiological level of human albumin carbamylation was used for these studies. Specifically, A549 human airway epithelial cells were incubated with either native human albumin (8.0 g/ml), which has a comparatively low level of HCit (0.16 mmol/mol of Lys) or comparable concentrations of albumin that had first been carbamylated either chemically with OCN Ϫ (1.5 mmol of HCit/mol Lys), or enzymatically with EPO using the complete EPO/SCN Ϫ /H 2 O 2 system (2.5 mmol of HCit/mol of Lys) to levels of protein-bound HCit similar to that observed in the asthmatic airway ( Fig. 3,  2 .09 Ϯ 0.78 mmol of HCit/mol of Lys). Periodic acid-Schiff (PAS)-hematoxylin staining of the A549 cells 24 h following FIGURE 3. Protein-bound HCit is elevated in asthmatic subjects. Quantification of HCit in proteins recovered from non-asthmatic and asthmatic subjects at baseline and after segmental allergen challenge. Healthy control and allergic mild asthmatic subjects (n ϭ 6 distinct subjects) underwent fiber optic bronchoscopy, and a specific segment of one lung was lavaged with normal saline to obtain a baseline sample (t ϭ 0 h). The same specific segment in the contralateral lung was then exposed to allergen. Forty-eight hours later, fiber optic bronchoscopy was repeated on the allergen-exposed segment and lavaged with normal saline. Cells in the BAL were removed by centrifugation, and the levels of protein-bound HCit recovered in the supernatant at baseline and after segmental allergen challenge were then determined by LC/MS/MS. Abundance of protein-bound bromotyrosine (BrTyr) as an indicator of EPO-specific activity for each group is listed, as previously reported (14) .
exposure revealed that c-albumin produced by either chemical or enzymatic (EPO-catalyzed) modification, but not native albumin, led to increased polysaccharide content by PAS staining (Fig. 4A , middle and right panels). Based upon increased PAS staining in response to carbamylated protein exposure, we next examined the specific effect that c-albumin exposure had on mucin expression in airway epithelial cells. Mucin 5AC (MUC5AC) is the dominant mucin protein expressed in the asthmatic airway (50) . We therefore transfected A549 human alveolar basal epithelial cells with the plasmid pGL3-Basic being driven by the muc5AC promoter inserted upstream of the reporter gene, firefly luciferase. The control plasmid, pRL-TK, and a transfection efficiency indicator plasmid, pCG-GFP, were also used to co-transfect the A549 cells simultaneously to normalize transgene expression levels. Using a Dual-Glow luciferase assay kit we monitored the relative expression of muc5ACdriven luciferase expression. In transfected A549 cells, c-albumin exposure led to a significant increase in muc5ACdriven reporter gene expression, as determined by luciferase activity (Fig. 4B ). Increased MUC5AC protein levels, as determined by MUC5AC-specific ELISA, were also observed to be elevated in parallel treated cells (Fig. 4C ).
To independently confirm carbamylated protein exposureinduced mucin production, another human airway epithelial cell line, NCI-H292, was exposed to control versus two different conditions that foster protein carbamylation and potentially mimic the setting as might occur in the asthmatic lung. Specifically, NCI-H292 cells were incubated in serum-containing media either alone (control), in the same media supplemented with OCN Ϫ (100 M) to chemically promote protein carbamylation, or the same media supplemented with EPO, SCN Ϫ , and an H 2 O 2 -generating system (glucose/glucose oxidase; i.e. EPO/ SCN Ϫ /Glc/Gox) (14) . Twenty-four hours later the concentrations of MUC5AC secreted into the medium was quantified using a MUC5AC-specific ELISA, as described under "Experimental Procedures." Remarkably, the airway epithelial cells significantly enhanced MUC5AC secretion under both conditions that promote protein carbamylation ( Fig. 4D ).
EPO can also catalyze protein bromination (17) . We therefore sought to test whether protein exposed to EPO-generated brominating oxidants can increase mucin expression in cultured airway epithelial cells similar to carbamylated protein. We investigated this possibility by incubating A549 cells with ovalbumin modified by reaction with OCN Ϫ , EPO/SCN Ϫ / H 2 O 2 , HOBr, or EPO/Br Ϫ /H 2 O 2 , and quantified the MUC5AC expression present in cell lysates by ELISA. Notably, we found that only the chemical carbamylation (OCN Ϫ ) and enzymatic carbamylation (EPO/SCN Ϫ /H 2 O 2 )-modified ovalbumin triggered enhanced MUC5AC expression in the airway epithelial cells (Fig. 4E ).
We next sought to test whether carbamylated protein exposure to airway lining epithelial cells in vivo might similarly lead to increased mucin production. Importantly, for these studies we used naive mice (i.e. non-sensitized), and exposed them for the first time with nebulized protein solution (40 mg/ml) of either carbamyl-ovalbumin (c-OVA, 1.1 mmol of HCit/mol of Lys) or native ovalbumin (OVA, 0.15 mmol of HCit/mol of Lys), as described under "Experimental Procedures." (Note, ovalbumin was selected as the target protein for aerosolized exposure testing because of its low background level of PB-HCit, and because commercial sources of albumin were found to have higher carbamylation levels at baseline, possibly because of urea used during albumin isolation.) Animals were sacrificed 24 h after treatment and lung tissues were harvested with identical lobes from each treatment group collected for immunohistochemistry, RNA expression analysis, or protein and mass spectrometry studies. Real time (RT)-PCR quantitation of naive mouse lung Muc5ac mRNA expression level after exposure to nebulized OVA versus c-OVA is shown in Fig. 4F . As can be seen, Muc5ac mRNA levels were significantly higher (p ϭ 0.002) in mice exposed to aerosolized c-OVA relative to native OVA (Fig. 4F ). In addition, mouse airway tissues showed increased MUC5AC-specific immunofluorescent staining in response to aerosolized c-OVA (Fig. 4G, right) , and MUC5ACspecific ELISA quantification showed significantly higher (p ϭ 0.002) protein content in the airway lumen of c-OVA exposed mice compared with native OVA-aerosolized control mice (Fig.  4H) .
In parallel studies we incubated primary human airway epithelial cells with native and individually oxidatively modified ovalbumin (chemically versus enzymatically brominated, or carbamylated) and found that only carbamyl-ovalbumin enhance glycoprotein expression, which was reflected by the enhanced PAS red staining area (Fig. 5) . Thus, exposure of human airway epithelial cells to OVA incubated with either OCN Ϫ or the EPO/SCN Ϫ /H 2 O 2 system resulted in enhanced PAS positive staining, whereas exposure to OVA previously exposed to either HOBr or the EPO/Br Ϫ /H 2 O 2 system failed to alter glycoprotein expression and PAS staining.
Carbamylated Proteins Enhance Asthma-associated Cytokine Expression and Increased Airway Epithelial Cell Apoptosis-Cytokines underlie the inflammation of asthma and cytokine antagonists are an effective strategy to treat asthma (reviewed in Ref. 51 ). Many of the cytokines involved in the pathophysiology of asthma are secreted from T cells of the Th2 type, such as IL-4, IL-5, IL-9, and IL-13 (52) . Th1 cells secrete IFN␥, which has pleiotropic effects on Th2 cells, and can counteract, enhance, or prolong Th2 responses (53) . TGF␤, is secreted from T-regulatory cells, is associated with tissue remodeling in asthma, and is detected at higher levels during asthma exacerbation (54) . To test whether carbamylated proteins (HCit-containing) could trigger or enhance immune responses that contribute to asthma, we examined expression levels of cytokines known to contribute to asthma exacerbation and airway remodeling in lungs recovered from the naive (nonsensitized) mice exposed to aerosolized native ovalbumin (OVA, 0.15 mmol of HCit/mol of Lys) versus c-OVA (1.1 mmol of HCit/mol of Lys) ( Fig. 6 , A-E). All cytokines monitored (IFN␥, TGF␤, IL-4, IL-5, and IL-13 mRNA) showed significantly higher levels of expression in mice exposed to aerosolized c-OVA compared with OVA. However, despite the significant increases in cytokine expression levels induced by c-OVA, within this short time period (72 h), no observed changes in airway elastance or hyperreactivity in the naive animals were observed (Fig. 6, F and G) .
Apoptosis of airway epithelial cells is known to contribute to airway remodeling and plays an important role in the pathogenesis of asthma (2) . To determine the potential impact of carbamylated proteins on airway epithelial cell apoptosis we examined A549 human alveolar basal epithelial cells following 24 h exposure to two distinct carbamylating systems, either EPO/ SCN Ϫ /Glc/Gox or OCN Ϫ . Serving as a control, cells were similarly exposed in the same media supplemented with comparable levels of the H 2 O 2 generating the Glc/Gox system and SCN Ϫ but in the absence of any added EPO. Apoptosis induced in response to HCit-generating treatments was monitored by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and quantified as described under "Experi-mental Procedures." As can be seen, exposure of cells to either condition for generating carbamylated proteins led to significant increases in the level of TUNEL-positive cells (Fig. 6 , H and I).
Effects of Scavenger Receptor SR-A1 on Carbamylated Protein-enhanced Asthma-associated Phenotypes and Cytokine Expression-Scavenger receptor A1 (SR-A1) has previously been shown to be involved in recognition of carbamylated lipoproteins (43) . To examine whether SR-A1 might also recognize carbamylated proteins in airway epithelial cells and play a role in asthma-associated pathophysiological responses, we first tested whether SR-A1 is expressed in airway epithelial cells. Western analyses with antibody specific for SR-A1 revealed the expression of SR-A1 in A549 and NCI-H292 cells is clearly visible. SR-A1 expression was also seen in HCAEC, HUVEC, BASMC, and Raw 264.7 cells and in mouse liver homogenate (Fig. 7A ). Other scavenger receptors previously suggested to serve as receptor for alternative carbamylated proteins (55) were also examined, including LOX-1 and CD36, but no detectable expression of these proteins was observed in airway epithelial cells by Western blot analyses (data not shown).
To explore the role of SR-A1 in recognition of carbamylated proteins in airway epithelial cells in vivo, we examined whether carbamylated protein exposure (via nebulization as before) similarly leads to increased mucin production and asthma-associated cytokine expression in wild type versus SR-A1 Ϫ/Ϫ mice. Importantly, for these studies we used wild type C57Bl/6J and SR-A1 Ϫ/Ϫ naive mice (i.e. non-sensitized), and exposed them with nebulized protein solution (40 mg/ml) of either c-OVA or OVA as described under "Experimental Procedures." Animals were tested for pulmonary function/airway reactivity in response to methocholine challenge, and lung tissues were collected from mice to quantify various asthma-associated cytokine and MUC5AC expression levels by RT-PCR. As can be seen, c-OVA exposure, but not native OVA exposure, led to increased mucin and asthma-associated cytokine expression in both WT and SR-A1 Ϫ/Ϫ mice (Fig. 7B ). However, lack of SR-A1 did not significantly affect c-OVA-induced muc5AC expression or asthma-associated cytokine genes (Fig. 7, B-G) except for IL-4 and IL-13. Interestingly, lack of SR-A1 leads to an increased IL-4 response to both OVA and c-OVA compared with WT animals (p ϭ 0.05 and p ϭ 0.03, respectively) ( Fig. 7E) , whereas absence of SR-A1 significantly decreased IL-13 expression in response to c-OVA (p ϭ 0.01); however, IL-13 induced changes were still significantly increased (albeit attenuated) from c-OVA-exposed SRA Ϫ/Ϫ animals (p ϭ 0.006) (Fig. 7G) . Given the possible role of SR-A1 as a receptor for carbamylated protein in the airways we examined pulmonary function in par- OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42 allel to the mice treated as described above. Although SR-A1 is involved in carbamylated protein-enhanced IL-13 expression to some extent, we did not see any differences in mice pulmonary function by monitoring airway elastance or hyperreactivity in naive mice during methocholine challenge testing (Fig. 8 ).
Eosinophil Peroxidase and Carbamylation of Proteins during Asthma

Discussion
Both the prevalence and severity of asthma continue to increase, with a significant healthcare burden (56) . The recruitment and activation of eosinophils in the airways is a characteristic feature of asthma, and the role of eosinophils in the patho-genesis of this disorder has long been a focus of intense investigation. Classically, eosinophils are recognized for their oxidative and antimicrobial activities, but more recently, eosinophils have been recognized for directly regulating T cell function and immune responses, contributing to allergic respiratory inflammation (57) . Accordingly, an improved understanding of the basic chemical pathways available to eosinophils for generating specific reactive oxidants and diffusible radical species in vivo, and for eliciting changes in inflammatory signaling is of interest. Herein we show that eosinophil activation within asthmatic airways, such as following exposure to allergen, results in Cumulative n values for animal numbers from several replicate studies are reported. F and G, pulmonary function measured as resistance and elastance of lung airways in C57BL/6J wild-type (WT) mice exposed to OVA and c-OVA. F and G, airway hyperresponsiveness (F) and lung mechanics (G) were measured in mice (n ϭ 19 per group) in response to increasing doses of inhaled methacholine following exposure to nebulized OVA or c-OVA as described under "Experimental Procedures." p values were found not to be significantly different between the treatment groups. . Identification of scavenger receptor, SR-A1, in human airway epithelial cells and carbamyl ovalbumin-enhanced muc5AC expression is not mediated by SR-A1. A, Western blot for SR-A1 protein expression in HCAEC, HUVEC, A549, NCI-H292, BASMC, and Raw264.7 whole cell extracts and mouse liver homogenate as indicated. B-G, RT-PCR quantitation (for mRNA) of relative MUC5AC, IFN␥, TGF␤, IL-4, IL-5, and IL-13 expression in lung tissue from C57BL/6J WT versus SR-A1 Ϫ/Ϫ mice 72 h after OVA or c-OVA challenge. Relative MUC5AC, IFN␥, TGF␤, IL-4, IL-5, and IL-13 mRNA expression levels were normalized to Arp mRNA for each mouse and the mean value of WT mice challenged with OVA for each gene was normalized to a value of 1 arbitrary unit (AU). Scatter plots indicate individual replicate animals and the mean Ϯ S.E. is indicated. p values were calculated by Wilcoxon rank sum test. OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42
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EPO-catalyzed protein carbamylation, with accompanying induction of pro-inflammatory and immune modulatory effects. A scheme illustrating the chemistry involved and the impact of this pathway on asthma-promoting features is presented in Fig. 9 .
Posttranslational modification of lysine residues by carbamylation results in formation of protein-bound homocitrulline (N ⑀ -carbamyllysine), a modification thought until recently to result from reaction of urea driven OCN Ϫ formation, especially in end stage renal disease. In renal disease, protein carbamylation is markedly increased and has been suggested to serve as an important contributor to the "toxemia of uremia" (37) . Recently we identified another pathway to carbamylate proteins at sites of inflammation that involves the mammalian heme-peroxidase MPO and production of OCN Ϫ from the pseudohalide substrate thiocyante (SCN Ϫ ) and H 2 O 2 (43) . SCN Ϫ is present at abundant levels in vivo and its levels are dependent upon environmental exposures including both diet and tobacco smoke (30, 58, 59) . Hydrogen peroxide is ubiquitously made via the electron transport chain in response to oxidative phosphorylation during normal cellular respiration (60) . High levels of H 2 O 2 are also produced by activated phagocytes during their respiratory burst, and play an important role in host defense (61, 62) . We previously showed EPO, the heme-dependent per-oxidase found in eosinophils, preferentially uses SCN Ϫ and H 2 O 2 as co-substrates to produce not only hypothiocyanous acid (HOSCN) as the major product, but also OCN Ϫ as a minor product (28) . In those initial studies, we did not examine whether EPO can catalyze protein carbamylation, nor did we explore potential physiological effects of this potential reaction. Our studies clearly show isolated human EPO catalyzes protein carbamylation using SCN Ϫ and H 2 O 2 as co-substrates under physiological conditions. Furthermore, use of EPO-KO mice and examination of human asthmatic airway biopsies confirm a dominant role for EPO in protein carbamylation during eosinophil activation in vivo in both animal models of asthma and within human asthmatic airways. Moreover, provocative segmental allergen challenge studies in atopic asthmatics revealed robust protein carbamylation in response to allergen within asthmatic airways. Finally, functional studies reveal either chemical (KOCN) or EPO-catalyzed carbamylation of target proteins confers a gain of function activity to the modified proteins, enabling them to trigger a cascade of asthma-related phenotypes including mucus and cytokine production and airway epithelial cell apoptosis. The present studies thus show that protein carbamylation, a PTM observed in other proinflammatory and chronic conditions, similarly occurs in asthma. These studies suggest PTM of proteins via carbamylation serves as a common underlying proinflammatory biochemical process in a variety of conditions including asthma, and may thus serve as a potential pharmacological target for asthma.
In the airways of both humans and mice, SCN Ϫ levels are quite high (millimolar range), averaging 10 -100-fold higher than plasma, due to an active transport process involving the basolateral Na ϩ symporter and efflux via the cystic fibrosis transporter (63, 64) . Such high levels are thought to exist due to bacteriostatic activity of SCN Ϫ , a substrate for lactoperoxidase, which similarly is high in concentration in saliva, airway lining fluid, tears, milk, and other fluids that line mucus membranes (65) . Although the HOSCN formed by SCN Ϫ oxidation by mammalian heme peroxidases (EPO, MPO, and lactoperoxidase) is bacteriostatic, it is remarkably nontoxic to host cells (66) . Moreover, because it can serve as a preferred substrate to mammalian heme peroxidases, SCN Ϫ can modulate the production of more potent and cytotoxic oxidants by EPO and MPO (HOBr and HOCl, respectively), and thus has the potential to limit the extent of some oxidative reactions mediated by activated leukocytes (28, 66 -68) . The combination of bacteriostatic activity and potential for reduced collateral oxidative tissue damage to host has led to investigation in recent animal model studies of the potential efficacy of aerosolized SCN Ϫ as an adjuvant therapy for cystic fibrosis (69) . However, despite these presumed beneficial effects of SCN Ϫ , the present studies suggest that in asthma, SCN Ϫ oxidation by EPO leads to carbamylation of proteins, as monitored by increased proteinbound HCit levels, and the potential to propagate more potent asthma-promoting responses. It is thus of interest that a national population based study utilizing data from the United States National Health and Nutrition Examination Surveys (NHANES) recently showed that urinary SCN Ϫ concentrations are strikingly associated with multiple lung problems including increased risk of wheezing, coughing, chronic bronchitis, emphysema, and sleep complaints (70) . In addition, SCN Ϫ levels are increased not only in smokers, but also in subjects exposed to second hand smoke (31, 71) , with second hand environmental tobacco smoke exposure being a major known trigger for asthma exacerbations and severity (72) (73) (74) . It is tempting to speculate that protein carbamylation within asthmatic airways in part could account for the association between second hand smoke exposure and worse asthma severity. Further studies in this area seem warranted.
The present studies add to a growing body of work suggesting that the spatiotemporal generation of carbamylated proteins in distinct sites in chronic diseases can induce distinct proinflammatory cascades. For example, in prior studies we showed that HCit-containing lipoproteins within the atherosclerotic lesion can be generated by MPO-catalyzed carbamylation, which endows them with multiple pro-atherogenic biological properties including increased cholesterol accumulation and foam cell formation, enhanced endothelial cell apoptosis, and induction of vascular smooth muscle cell proliferation (43) . Other investigators have more recently shown that carbamylated lipoproteins can also promote endothelial dysfunction and additional proinflammatory and proatherogenic activities (75) . We have also shown that within inflamed joint space fluid from subjects with rheumatoid arthritis protein-bound HCit is increased, and direct injection of HCit containing peptides into the inter-articular joint space has been shown to selectively activate T cells and induce a proinflammatory erosive arthropathy in mice (44) . Whereas these alternative studies involve MPO-driven inflammatory conditions characterized by monocytes/macrophages or neutrophils, results shown herein reveal that eosinophils, via secretion of EPO, similarly promote protein carbamylation within the asthmatic lung and airways. Either endogenous production or delivery (as aerosolized exposure) of HCit containing proteins was shown to elicit multiple asthma-associated phenotypes, including increased mucin expression, asthmapromoting cytokines (IL-4, IL-5, IL-13, and INF␥), TGF␤ expression, and airway epithelial cell apoptosis. Because carbamylated protein exposure failed to impact airway reactivity, the immediate implication for the present findings is that airway hyperreactivity and loss of elastance develop via distinct processes in asthma and not as an immediate response to mucin production or expression/exposure to Th2 cytokines triggered by exposure to carbamylated proteins. It is interesting to note that recent asthma model studies with mice lacking eosinophils similarly indicate a role of eosinophils in mucin production, Th2 cytokines, and cytokines conductive to tissue remodeling, and less or no significant effects on airway elastance and hyperreactivity (76) .
One question the present studies suggest is the identification of the molecular receptor(s) within asthmatic airways that recognizes carbamylated proteins and triggers the pro-asthma-related phenotypes fostered. We previously suggested that one potential receptor involved in recognition of carbamylated low density lipoprotein is SR-A1 (43) . Our studies with SR-A1 Ϫ/Ϫ mice revealed significant reduction in c-OVA-induced IL-13 expression, although on the whole, the majority of cytokines induced by c-OVA remained unchanged, as did changes in airway responsiveness and mucus production. Thus, our studies suggest an alternative receptor(s) also contributes to asthmarelated phenotypes provoked by exposure to carbamylated proteins ( Fig. 9 ). It is notable that multiple alternative receptors exist for interaction with carbamylated proteins. For example, it has recently been reported that HCit on apolipoprotein A1 of carbamylated high density lipoprotein confers recognition by scavenger receptor class B, type 1 (SRARB1), and macrophage foam cell formation (77) . Yet additional recent studies have suggested that the class E scavenger receptor lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) in human vein endothelial cells can also recognize and bind carbamylated low density lipoprotein, leading to increased reactive oxygen species generation and increased cellular apoptosis (78) . Carbamylated erythropoietin has been shown to be recognized not by the erythropoietin receptor, but by a heterodimer of the erythropoietin receptor and IL-3 receptor ␤ (CD131), with carbamylated erythropoietin signaling through this heterodimeric receptor, providing protection from ischemia/reperfusion injury (79) . Thus, many candidate receptors exist for recognition of various carbamylated proteins, and future studies are needed to identify the receptor(s) responsible for recognition of carbamylated proteins and the downstream immune modulatory and asthma-associated phenotypes induced within asthmatic airways.
Experimental Procedures
Materials and General Procedures
All chemicals, unless otherwise noted, were obtained from Sigma, and all solvents were HPLC grade. Stable isotope-labeled compounds were purchased from Cambridge Isotope Lab (Tewksbury, MA), unless otherwise stated.
Protein Carbamylation in Vitro
Reactions were carried out at 37°C for 8 h in 50 mM sodium phosphate buffer (pH 7.0) supplemented with 1 mg of protein/ml of bovine albumin (BSA) or ovalbumin (OVA) wherever indicated. EPO (60 nM), thiocyanate, H 2 O 2 , and other components were added at different concentrations as indicated. Typical reactions used either the complete EPO system (60 nM EPO, 100 M SCN Ϫ , 100 M H 2 O 2 ) or reagent OCN Ϫ (100 M, as the potassium salt) under the incubation conditions listed and reactions were terminated with 50 nM catalase, 40 M butylated hydroxytoluene, and 100 M diethylenetriaminepentaacetic acid and dialysis against PBS containing 100 M diethylenetriaminepentaacetic acid as described (43) . Where indicated, a glucose (Glc, 100 g/ml)/glucose oxidase (Gox, 20 ng/ml) system was used to generate H 2 O 2 (14) .
Cell Culture
A549 human adenocarcinoma lung cells (ATCC CCL-185) were grown in Dulbecco's modified Eagle's media (DMEM) with 1 mg/ml of glucose and 10% fetal bovine serum (FBS) and NCI-H292 human mucoepidermal pulmonary carcinoma cells (ATCC CRL-1848) were grown in RPMI 1640 media supplemented with 1 mg/ml of glucose and 10% FBS. Human bronchial airway epithelial cells were isolated from the bronchus dissected from non-asthmatic lungs obtained at explantation OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 22129 using previously described methods (80 -82) . In brief, human bronchus was digested overnight at 4°C in protease solution with antibiotic/antimycotic (Sigma). The epithelial side of the bronchus was scraped with a sterile glass slide to remove the remaining adherent cells. Cells were seeded on tissue culture plates precoated with coating medium containing 29 g/ml of collagen (Vitrogen; Collagen, Palo Alto, CA), 10 g/ml of BSA (Biofluids), and 10 g/ml of fibronectin (Calbiochem, La Jolla, CA), in serum-free bronchial epithelial basal medium (Clontech) supplemented with 1% penicillin, streptomycin and fungizone.
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For cell culture experiments using the glucose/glucose oxidase system to generate H 2 O 2 , the complete EPO system (60 nM EPO, 100 M SCN Ϫ , 20 ng/ml of glucose oxidase) was added to A549 cells in culture (90% confluence), whereas control reactions lacked the addition of SCN Ϫ . Glucose levels in the culture medium (DMEM) were adjusted to 1 mg/ml. In cell culture experiments where indicated, albumin, carbamylated albumin, native OVA, or c-OVA was added at 8 g/ml, unless otherwise stated, and cells were harvested and analyzed as described below. 15 N]Carbamyl-lysine ([ 13 C, 15 N]HCit) was synthesized for use as internal standard in mass spectrometry studies. It was produced by reaction of 10 mg/ml of polylysine with 6 M [ 13 C 2 , 15 N]urea at 37°C for 2 days followed by 6 N HCl hydrolysis and then purified by HPLC on a Phenyl column (4.6 ϫ 250 mm, 5 m Rexchrom Phenyl) (Regis, Morton Grove, IL) as immobile phase and the mobile phase consisting of solvent (A), 0.2% formic acid in water, and solvent (B), 0.2% formic acid in acetonitrile over a linear gradient from 100% A to 10% B in 10 min. The eluent fractions with [ 13 C, 15 N]HCit were collected and its identity confirmed by high resolution mass spectrometry, and the material was then dried under SpeedVac. The produced [ 13 C, 15 N]HCit concentration was determined by mass spectrometry with gravimetrically prepared non-labeled HCit serving as standard. The product (purity Ͼ99%) was confirmed by high resolution mass spectrometry in positive mode with parent ion m/z ϭ 192.1196, and daughter ions: m/z ϭ 174.0960, 128.0905, and 84.0813, which correspond to neutral loss of 15 NH 3 , formic acid, and [ 13 C]isocyanic acid in that order.
Chemical Synthesis of N⑀-[ 13 C, 15 N]Carbamyl-lysine
N ⑀ -[ 13 C,
Protein-bound Homocitrulline Quantification by Mass Spectrometry Analysis
Protein carbamylation levels, expressed as protein-bound homocitrulline (mmol/mol of Lys), was determined as previously described (43) . Stable isotope-dilution HPLC with online electrospray ionization tandem mass spectrometry (LC/ESI/ MS/MS) following delipidation and desalting and overnight hydrolysis with HCl was used to quantify lysine and homocitrulline in protein hydrolysates from BAL fluid or tissues. [ 13 C 6, 15 N 2 ]Lys and [ 13 C, 15 N]HCit were added to samples before hydrolysis and used as internal standards (83) . Calibration curves were prepared using varying lysine and homocitrulline levels and a fixed amount of stable isotope-labeled internal standards undergoing hydrolysis and DSC-SCX column extraction. Sample (10 l) was injected onto a Phenyl column (4.6 ϫ 250 mm, 5 m Rexchrom Phenyl) (Regis, Morton Grove, IL) at a flow rate of 0.8 ml/min. Separation was performed employing a gradient starting at 10 mM ammonium formate aqueous solution for 0.5 min, then increasing linearly to 25% methanol containing 0.1% formic acid and 5 mM ammonium formate over 3 min, followed by this solution isocratically for 15 min. The HPLC column effluent was introduced into an API 365 triple quadrupole mass spectrometer with an Ionics EP 10 ϩ upgrade (Concord, Ontario, CA) interfaced to a Cohesive Technologies Aria LX Series HPLC multiplexing system (Franklin, MA). Analyses were performed using electrospray ionization (ESI) in positive-ion mode with multiple reaction monitoring of parent and characteristic daughter ions specific for components monitored. The transitions monitored were mass-to-charge ratio 
High Resolution Mass Determination Using Triple TOF Mass Spectrometry
Protein lysate was injected onto a silica column (2 ϫ 150 mm, 5 m) (Phenomenx) at a flow rate of 0.2 ml/min. Separation was performed employing a gradient starting at 10 mM ammonium acetate aqueous solution for 2 min, then increasing linearly to 20% B (acetonitrile: methanol: acetic acid, 50:50:0.1, v/v/v) over 8 min. The HPLC column effluent was then introduced into an AB SCIEX TripleTOF TM 5600 mass spectrometer. MS/MS spectra in positive mode on an information-dependent acquisition were recorded during the LC-MS experiment. The TOF-MS was calibrated using APCI positive calibration solution (ABSciex) delivered with a Calibrant Delivery System.
Mouse Models
All studies were performed on wild type (WT or EPO ϩ/ϩ ) or EPO knock-out (EPO Ϫ/Ϫ or EPO-KO) or SR-A1 knock-out (SR-A1 Ϫ/Ϫ ) mice backcrossed onto a C57BL/6J background (Ͼ Ͼ10 generations). EPO-KO mice were obtained from J. Lee, Mayo Clinic. SR-A1 knock-out mice were previously obtained from Dr. T. Kodama (University of Tokyo) and bred in our institute (84) . C57BL/6J mice were purchased from Jackson Laboratory. Lavage and cell pellet from WT and EPO-KO mice after intraperitoneal (i.p.) injection of helminth M. corti antigen and yeast spore coat (zymosan) were provided by the Mayo Clinic. Animals receiving M. corti were sensitized by subcutaneous injection of 250 g of helminth whole protein extract of M. corti and 8 ϫ 10 9 heat-killed pertussis organisms (Michigan Department of Public Health, Lansing MI). Animals (n ϭ 5 per group) were then challenged on day 21 by i.p. injection with 200 g of M. corti whole protein extract. At 72 h post-challenge, elicited peritoneal leukocytes (usually Ͼ2 ϫ 10 6 cells, with Ͼ25% eosinophils) were activated by i.p. injection of zymosan (250 mg/kg of body weight). Peritoneal lavage was performed 4 h later and cells were harvested by centrifugation. Lavage fluid and separated cells were processed as described to prevent further oxidation (20) . Cell counts and differentials were performed as described (20) and lavage fluid was processed for determination of protein-bound HCit as described above.
Ovalbumin Asthma Challenge Model
Mice aged 8 -12 weeks were sensitized by 2 i.p. injections of either normal saline or 20 g of OVA (Sigma, grade IV)/2.25 mg of Imject Alum (Al(OH) 3 -Mg(OH) 2 ; Pierce) in 100 l of saline on days 0 and 14. Mice were challenged on days 24, 25, and 26 by 20-min inhalations of an aerosol (nebulized 1% OVA in normal saline; control mice received a 20-min aerosol of nebulized normal saline). Mice on day 28 were assessed for pulmonary histopathologies, tissue harvest, cellular infiltrates, or lung function as described (49) . Lungs from EPO ϩ/ϩ and EPO Ϫ/Ϫ mice (n ϭ 6 per group), challenged with OVA and normal saline (NS) as a control, were also provided by the Mayo Clinic. The lung tissue was homogenized and the homogenate was used for assay of protein-bound HCit and MUC5AC expression.
Ovalbumin or Carbamyl-ovalbumin Challenge
The indicated genotypes of mice were challenged with 10 ml of aerosol of either nebulized 40 mg/ml of ovalbumin or 40 mg/ml of carbamyl-ovalbumin in a chamber the first day, then repeated 1 more time on day 2, 24 h just prior to pulmonary function measurement and tissue harvesting on day 3. The lung tissue was divided into three parts so that the same area of lung was obtained from each mouse for each specific analysis, which included being fixed in 4% formalin for immunohistochemical staining of MUC5AC, snap frozen in liquid N 2 for ELISA analysis of MUC5AC, or covered with 1 ml TRIzol (TRIzol reagent, Invitrogen, catalog number 15596-026) for RNA isolation, cDNA preparation, and real-time PCR analysis of MUC5AC and cytokines expression. When analyzing RT-PCR for various genes' expression as indicated, the number of successful reactions meeting QC are indicated by n values inserted into the figures.
Airway Hyperresponsiveness and Lung Mechanics
Airway hyperresponsiveness and lung mechanics were measured in mice (n ϭ 9 per group) in response to increasing doses of inhaled methacholine as described (85) . Mice were anesthetized with an i.p. injection of pentobarbital sodium (40 -50 mg/kg). Following the intubation and placement of a 19-gauge cannula through a tracheotomy incision, the cannula was affixed with a silk suture ligation. Mice were connected to a computer-controlled piston ventilator (flexiVent, SCIREQ, Montreal, Canada) run at a rate of 150 breaths/min, with a tidal volume of 10 ml/kg, and a positive end-expiratory pressure of 3 cm of H 2 O. A muscle relaxant (pancuronium bromide, 0.8 mg/kg) was administered to the mice and the lungs were expanded twice to total lung capacity at an amplitude pressure of 30 cm of H 2 O. Methacholine in saline was aerosolized at doses of 0, 2.5, 5, 10, and 25 mg/ml and delivered over 10 s through an in-line nebulizer for each mouse. FlexiVent 5.2 software (SCIREQ) was utilized to obtain resistance measurements through multiple linear regression fitting of measured pressure and volume from each mouse to the model of linear motion of the lung. Only coefficients of determination of Ͼ0.90 were used for calculations. Lung resistance and lung compliance were obtained through the forced oscillation technique. Tissue elastance (H) and dampening were obtained by a constant phase model.
Segmental Allergen Challenge Model in Humans
Human subjects (healthy control and mild allergic asthmatic) underwent fiber optic bronchoscopy, and a specific segment of one lung was challenged by administration of a predetermined allergen at a known dose and for a set time interval as described (14) . In the same lung segment, in the contralateral lung, the lung segment is lavaged with sterile normal saline and the BAL was collected (t ϭ 0 h). Cells were centrifuged for determination of cell numbers and differentials. BAL supernatant was collected and processed for protein-bound HCit levels by LC/ESI/MS/MS (14) . Forty-eight hours later, fiber optic bronchoscopy was repeated, the lung segment was challenged with allergen, lavaged with sterile normal saline, and BAL fluid was collected. Cells were removed by centrifugation and cell numbers and differentials were determined. BAL supernatant was collected and processed for proteinbound HCit levels as described above.
Immunolocalization of EPO and Carbamyl Proteins
Asthma airway specimens were fixed in 3% paraformaldehyde to prepare ultra-thin sections. The sections were incubated with primary antibodies, anti-homocitrulline antibody (43) was prepared as k 2 -Fab monoclonal antibody with HA tag to carbamyl-LDL for carbamyl proteins and mouse anti-human EPO antibody for EPO, diluted 1:50 in PBS, at room temperature for 2 h, and the corresponding secondary antibody, FITC-labeled mouse anti-HA antibody and anti-mouse IgG (H ϩL) Texas Red-lined antibody for 30 min. Sections were mounted with VECTASHIELD mounting medium with DAPI as described (43) .
Plasmids, Transfection, and Luciferase Assays
The reporter construct muc5AC contains 3.7-kb 5Ј-flanking region of the human MUC5AC mucin gene in a luciferase reporter vector pGL3 (86) . Transient transfections of A549 cells (6-well dishes) were performed in triplicate using 0.5 g of muc5AC luciferase reporter gene and 13.5 g of empty vector (pGL3 basic)/well with Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions. One day after transfection, the cells were starved overnight and then incubated in DMEM with albumin or carbamylated albumin (8 g/ml) using either the EPO/SCN Ϫ /H 2 O 2 system or OCN Ϫ carbamylation for an additional 24 h before harvesting for luciferase assays. Relative luciferase expression levels were determined using the Dual-Glow luciferase assay kit per the manufacturer's direction (Promega, Madison, WI). Cells were lysed and the activities of firefly and Renilla luciferase measured using the Dual-Glow system. The luminescence was read under a Wallac 1420 VICTOR 3TM illuminator (PerkinElmer Life Sciences). Firefly luciferase activities were normalized to the Renilla luciferase activities.
Mucin Analysis
The cytochemical staining of mucin for cultured cells was carried out using the PAS kit (395B-1KT, Sigma). Cells after removal of medium were fixed with formalin/ethanol (1:9, v/v) fixative solution and followed by PAS reagent staining and hematoxylin counterstain according to protocol of these reagents provided by Sigma. MUC5AC protein was measured using ELISA following the protocol as described previously (87) . OCTOBER 14, 2016 • VOLUME 291 • NUMBER 42
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RNA Isolation
RNA was isolated from cells or lung tissue by TRIzol reagent following the protocol as described by the manufacturer (Life Technologies). RNase-free DNase (Promega) was used to remove contaminating DNA in the prepared RNA as per the manufacturer's direction.
Real-time PCR of Target Genes
First strand cDNA was synthesized using the Brillant II SYBR first-strand cDNA synthesis system (Agilent) with 1 g of RNA, 100 ng of oligo(dT) 20 , and 100 ng of random hexamers per reaction (20 l). Newly made cDNA was amplified by PCR in a final volume of 20 l including Brillant II SYBR Green QPCR master mix (Agilent), 1 l of cDNA, and 7.5 pmol of SYBR probe and 10 pmol of each primer using a Step One Plus Real-time PCR System (Applied Biosystem). Reactions were initiated for 10 min at 95°C, followed by 40 cycles; 15 s at 95°C, followed by 1 min at 60°C. The amount of target cDNA amplified was normalized using the housekeeping gene acidic ribosomal protein (ARP) (88) as reference. All primers were synthesized by information-dependent acquistion and the sequences were as follows: Muc5AC, 5Ј-ACG ACA CTT TTC AGT ACC AAT GAC-3Ј and 5Ј-GCT TCC TTA CAG ATG CAG TCC T-3Ј (89); IFN␥, 5Ј-GCT CTG AGA CAA TGA ACG CT-3Ј and 5Ј-AAA GAG ATA ATC TGG CTC TGC-3Ј (90); TGF␤, 5Ј-ACC GCA ACA ACG CCA TCT AT-3Ј and 5Ј-GTA ACG CCA GGA ATT GTT GC-3Ј (91); IL-4, 5Ј-TCG GCA TTT TGA ACG AGG TC-3Ј and 5Ј-GAA AAG CCC GAA AGA GTC TC-3Ј (92); IL-5, 5Ј-TCA CCG AGC TCT GTT GAC AA-3Ј and 5Ј-CCA CAC TTC TCT TTT TGG CG-3Ј (93); IL-13, 5Ј-GCC AGC CCA CAG TTC TA CAG C-3Ј and 5Ј-GTG ATG TTG CTC AGC TCC TCA-3Ј (94); ARP, 5Ј-TCA TCC AGC TGT TTG ACA A-3Ј and 5Ј-ATT GCG GAC ACC CTG TAG GAA G-3Ј. Relative gene expression was determined by the 2 Ϫ⌬⌬ C T method (95) using Step One Plus analysis software. RT-PCR was performed on biological duplicates in technical triplicate reactions. Melt curves were run for each primer pair set to confirm that fluorescence was specific under the conditions used. Reaction conditions (primer concentrations and annealing temperature) for each primer pair/template was optimized beforehand. We confirmed that carbamylated OVA treatment did not affect the threshold cycle (C T ) of our reference gene ARP when compared with ovalbumin treatment at any given input cDNA concentration. The normalized gene expression data were plotted relative to the OVA-treated samples as the unity measure (RQ ϭ 1 arbitrary unit).
Immunohistochemical Staining of MUC5AC in Mice Airway Tissues
MUC5AC protein was immunostained in paraffin sections of mouse airways with a mouse monoclonal antibody (SPM488, NeoMarkers, Fremont, CA) to mouse MUC5AC. Normal goat serum (50 -062Z, Invitrogen) at 10% and goat anti-mouse IgG (HϩL) (31160, Thermo Scientific) (diluted 1:50) was used as the blocking solution. Alexa Fluor 488 goat anti-mouse IgG (HϩL) (A11001, Life Technologies) was used as the secondary antibody (diluted at 1:100). Sections were mounted with VECTASHIELD mounting medium with DAPI.
Apoptotic Cell Detection
Cell apoptosis detection was carried out using DeadEnd TM Fluorometric TUNEL System (Promega) exactly as suggested by the manufacturer.
Immunoblotting Identification of Scavenger Receptor, SR-A1 in Airway Epithelial Cells
SDS-PAGE Western blotting analysis was employed to identify scavenger receptor, SR-A1 protein expression in human coronary aortic endothelial cell (HCAEC), human umbilical vein endothelial cells (HUVEC), A549, NCI-H292, bovine aortic smooth muscle cell (BASMC), Raw264.7 cell lysates, and mouse liver homogenate. Protein samples were solubilized in sample buffer (125 mM Tris-HCl, pH 6.8, with 4% (w/v) SDS, 20% (v/v) glycerol, 120 mM ␤-mercaptoethanol, bromphenol blue), heated to 95°C, and separated on 12% polyacrylamide gel, each well was loaded with 30 g of protein. After transfer onto PVDF membrane, proteins were detected using specific primary antibodies (anti-SR-A1, Clone No. SRA-E5, Trans-Genic Inc.) and secondary antibody, anti-mouse IgG coupled to horseradish peroxidase (NA931V, GE Healthcare) for ECL detection (Amersham Biosciences, GE Healthcare).
Statistical Analysis
Data are presented in scatter plots or as mean Ϯ S.E. Comparisons between groups were performed using unpaired Student's t test or Wilcoxon rank sum test. p Ͻ 0.05 was considered significant between groups.
